The AMADEUS (ANTARES Modules for the Acoustic Detection Under the Sea) system which is described in this article aims at the investigation of techniques for acoustic detection of neutrinos in the deep sea. It is integrated into the ANTARES neutrino telescope in the Mediterranean Sea. Its acoustic sensors, installed at water depths between 2050 and 2300 m, employ piezo-electric elements for the broad-band recording of signals with frequencies ranging up to 125 kHz. The typical sensitivity of the sensors is around −145 dB re 1V/µPa (including preamplifier). Completed in May 2008, AMADEUS consists of six "acoustic clusters", each comprising six acoustic sensors that are arranged at distances of roughly 1 m from each other. Two vertical mechanical structures (so-called lines) of the ANTARES detector host three acoustic clusters each. Spacings between the clusters range from 14.5 to 340 m. Each cluster contains custom-designed electronics boards to amplify and digitise the acoustic signals from the sensors. An on-shore computer cluster is used to process and filter the data stream and store the selected events. The daily volume of recorded data is about 10 GB. The system is operating continuously and automatically, requiring only little human intervention. AMADEUS allows for extensive studies of both transient signals and ambient noise in the deep sea, as well as signal correlations on several length scales and localisation of acoustic point sources. Thus the system is excellently suited to assess the background conditions for the measurement of the bipolar pulses expected to originate from neutrino interactions.
Measuring acoustic pressure pulses in huge underwater acoustic arrays is a promis-2 ing approach for the detection of cosmic neutrinos with energies exceeding 100 PeV.
3
The pressure signals are produced by the particle cascades that evolve when neu-4 trinos interact with nuclei in water. The resulting energy deposition in a cylindri-5 cal volume of a few centimetres in radius and several metres in length leads to and fresh water [7] are investigated as media for acoustic detection of neutrinos.
23
Studies in sea water are also pursued by other groups using military arrays of hy-24 drophones (i.e. underwater microphones) [8, 9] or exploiting other existing deep sea 25 infrastructures [10] .
26
Two major advantages over an optical neutrino telescope motivate studying acous-27 tic detection. First, the attenuation length in sea water is about 5 km (1 km) for 
41
The AMADEUS project was conceived to perform a feasibility study for a potential 42 future large-scale acoustic neutrino detector. For this purpose, a dedicated array of 43 acoustic sensors was integrated into the ANTARES neutrino telescope [11, 12] . In 44 the context of AMADEUS, the following aims are being pursued:
The speed of sound in sea water depends on temperature, salinity and pressure, i.e. depth. A good guideline value for the speed of sound at the location of AMADEUS is 1500 m/s.
• Long-term background investigations (levels of ambient noise, spatial and tem-poral distributions of sources, rate of neutrino-like signals);
• Investigation of spatial correlations for transient signals and for persistent back-
48
ground on different length scales;
49
• Development and tests of data filter and reconstruction algorithms;
50
• Investigation of different types of acoustic sensors and sensing methods;
51
• Studies of hybrid (acoustic and optical) detection methods.
52
In particular the knowledge of the rate and correlation length of neutrino-like acous-53 tic background events is a prerequisite for estimating the sensitivity of a future 54 acoustic neutrino detector.
55
The focus of this paper is the AMADEUS system within the ANTARES detector.
56
In Section 2, an overview of the system is given, with particular emphasis on its 57 integration into the ANTARES detector. In Section 3, the system components are 
The ANTARES Detector and its Sub-system AMADEUS

65
AMADEUS is integrated into the ANTARES neutrino telescope [11, 12] , which was 66 designed to detect neutrinos by measuring the Cherenkov light emitted along the 67 tracks of relativistic secondary muons generated in neutrino interactions. A sketch 68 of the detector, with the AMADEUS modules highlighted, is shown in Figure 1 .
69
The detector is located in the Mediterranean Sea at a water depth of about 2500 m, 
77
The LCM consists of a cylindrical titanium container and the off-shore electronics 78 within that container (see Subsection 3.3).
79
A 13th line, called Instrumentation Line (IL) , is equipped with instruments for mon- 
119
The AMADEUS system includes time synchronisation and a continuously operat-
120
ing data acquisition setup and is in principle scalable to a large-volume detector. 
Acoustic Storeys
122
Two types of sensing devices are used in AMADEUS: hydrophones and Acoustic
123
Modules (AMs). The sensing principle is in both cases based on the piezo-electric 124 effect and is discussed in Subsection 3.1. For the hydrophones, the piezo elements 
Design Principles
141
A fundamental design guideline for the AMADEUS system has been to use existing
142
ANTARES hardware and software as much as possible. This eases the operation of 143 the system within the environment of the ANTARES neutrino telescope; at the same time, the design efforts were kept to a minimum and new quality assurance and control measures had to be introduced only for the additional components.
146
These were subjected to intensive testing procedures, in particular in view of the 147 hostile environment due to the high water pressure of up to 240 bar and the salinity 148 of the water.
149
In order to integrate the AMADEUS system into the ANTARES neutrino telescope,
150
design and development efforts in the following basic areas were necessary:
151
• • The development of an off-shore acoustic digitisation and pre-processing board;
155
• The setup of an on-shore server cluster for the online processing of the acoustic 156 data and the development of the online software;
157
• The development of offline reconstruction and simulation software. DC/DC converters to obtain the 12.0 V supply typically used.
215
The piezo elements and preamplifiers of the hydrophones are coated in polyurethane.
216
Plastic endcaps prevent the material from pouring into the hollow part of the piezo 
220
The equivalent inherent noise level in the frequency range from 1 to 50 kHz is about 
Acoustic Modules
230
For the AMs, the same preamplifiers are used as for the ECAP hydrophones. The by the idea to operate the piezo elements at low pressure and also to investigate an 234 option for acoustic sensing that can be integrated together with a PMT in the same 235 7 For the commercial hydrophones, details were not disclosed by the manufacturer, but the main design is similar to the one described here. 
239
In order to obtain a 2π azimuthal coverage, the six sensors are distributed over the 
Calibration
243
All sensors are tuned to have a low noise level and to be sensitive over the fre- wavelengths. In accordance with the expected behaviour of the piezo elements, the 252 sensitivity is assumed to be constant below 10 kHz.
253
The sensitivity of one of the commercial hydrophones is shown in Figure 7 as a direction at which the cable is attached to the hydrophone. The beginning of this 257 trend can be seen for the polar angle of 150
• .
258
The sensitivity as a function of the azimuthal angle for a given frequency is es- water, the glass sphere and the piezo sensor.
277
All sensitivity measurements were done at normal pressure. A verification with an 278 in situ calibration has not yet been carried out at the time of the writing of this 279 paper.
280
For the calibration that was describe above, gaussian signals were emitted which in 281 the frequency domain cover the range of the calibration. In addition, the response 282 of the sensors to bipolar pulses was recorded. This is shown in Figure 10 
Cables and Connectors
288
Each electronics container is equipped with three 12-pin SubConn connector sock- connectors is moulded to a neoprene cable with the hydrophone at its other end.
297
The remaining four sectors of the bulkhead connector are sealed with blind plugs.
298
The standard cables used in the ANTARES detector between the electronics con- 
Off-Shore Electronics
303
In the ANTARES data acquisition (DAQ) scheme [22] , the digitisation is done • A DAQ board, which reads out the ARS motherboards and handles the commu- shows the fully equipped LCM of an acoustic storey. 
The AcouADC Board
325
Each AcouADC board serves two acoustic sensors and has the following major Combining the two stages, the gain factor can be set to one of 12 values between 1 366 and 562. The standard setting is an overall gain factor of 10, yielding the approxi-367 mate sensitivity of −125 dB re 1V/µPa.
368
After amplification, the signal is coupled into a linear-phase 10th-order anti-alias 369 00 00 00 00 00 00 00 00 00 filter 10 with a root-raised cosine amplitude response and a 3 dB point at a frequency 370 of 128 kHz. In low-power mode, the filter output range is about 3.9 V. The output is 371 referenced to 2.0 V and fed into a 16-bit analogue-to-digital converter (ADC) that 372 will be described below. Accordingly, the ADC reference voltage is set to 2.0 V,
373
implying that the digital output of zero corresponds to this analogue value. The 374 input range of the ADC is 0.0 to 4.0 V.
375
The three analogue stages (coarse and fine amplification and anti-alias filtering) 
System Characteristics
422
The complex response function of the AcouADC board (i.e. amplitude and phase) 423 was measured in the laboratory prior to deployment for each board and a parametri- formed at intervals of a few minutes, is polled and sent through the SC interface.
468
For the AMADEUS system, the following parameters can be set from shore via the 
Data Acquisition and Clock System
478 AMADEUS uses the same DAQ system and follows the same "all data to shore" 479 strategy [22] as the ANTARES neutrino telescope, i.e. all digitised data are trans-480 mitted to shore via optical fibres using the TCP/IP protocol. The data stream from 481 the sender DAQ board is tagged with the IP address of the receiving on-shore server.
482
In the control room, the acoustic data are routed to a dedicated computer cluster do not need to be corrected for. 
On-Shore Data Processing and System Operation
499
The AMADEUS system is operated with its own instance of the standard ANTARES 500 control software called RunControl [22] . This is a program with a graphical user and to provide remote access to the system via the Internet.
518
The AMADEUS trigger searches the data by an adjustable software filter; the 519 events thus selected are stored to disk. This way the raw data rate of about 1.5 TB/day 520 is reduced to about 10 GB/day for storage. Currently, three trigger schemes are 521 motherboards.
16 Coordinated Universal Time 17 While this functionality might be more commonly referred to as filtering, it is ANTARES convention to refer to the "on-shore trigger". pulses. As will be described below, the final trigger decision requires coincidences 540 within an acoustic storey, which allows the trigger threshold for the cross correla- are software parameters and therefore can be set at will. The noise level is calcu-
551
lated from and applied to the data of the frame that is currently being analysed.
552
A frame denotes the structure in which data are buffered off-shore by the DAQ 553 board before being sent to shore and contains data sampled during an interval of 554 about 105 ms [22] . If one of these two trigger conditions is met, an additional trig- suppressed. This trigger is currently not enabled.
574
The data of all sensors that have fired a coincidence trigger are stored within a com- 
578
The triggers of the AMADEUS system and the main ANTARES optical neutrino 
General
593
AMADEUS is continuously operating and taking data with only a few operator and monitoring tools.
609
The stability of the system response is excellent. This was verified prior to deploy- noise, limiting the capability to study the acoustic noise.
632
The noise floor is the lowest for the HTI hydrophones, the difference in the power 633 spectral density to the ECAP hydrophones and AM sensors being 10 to 15 dB.
634
When recording transient signals, the effect on the signal-to-noise ratio is partially 635 compensated by the higher sensitivity of the ECAP hydrophones and the AM sen- sors. The noise spectrum of the AM sensor displays some structure for frequencies 637 up to about 25 kHz. This is due to coupling of the sensor to the glass spheres. In 
Transient Signals and Dynamic Range
656
The signals recorded with the three different types of acoustic sensors on Line 12 657 for a common source is shown in Figure 18 . The signals were recorded in May 
674
The maximal pressure amplitude that can be recorded for a gain factor of 10 without For better comparability, the first peak of each signal has been normalised to 1 and the time axis of each signal adjusted such that the times of the zero crossings between the first positive and negative peak coincide.
being pursued as one of the major prerequisites to identify neutrino-like signals.
680
First results are presented in [15, 28] . The time shown in the figure is given in seconds since the start of the run and can 690 be converted into UTC using the data recorded by the clock system (see Subsec-691 tion 3.6). As the emission times of the positioning signals are also recorded in UTC, 692 the time difference between emission and reception of the signal can be calculated. 
Summary and Conclusions
702
The AMADEUS system for the investigation of techniques for acoustic particle For the off-shore data acquisition, a dedicated electronics board has been designed.
711
One of 12 steps of analogue amplification between 1 to 562 can be set with the 712 on-shore control software. Data sampling is done at 500 kSps with 16 bits and 713 an analogue anti-alias filter with a 3 dB point at a frequency of 128 kHz. Digital downsampling with factors of 2 and 4 is implemented inside an off-shore FPGA.
715
This value is also selectable using on-shore control software. The system param-716 eters were tuned using the data collected with the autonomous precursor device The system is well suited to conclude on the feasibility of a future large-scale acous- 
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